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ABSTRACT

I studied activity and diet of bats in apple orchards in southern Michigan. There was no
difference between organic and conventional orchards in number and composition of insects
captured with light traps, number of bats captured with mist nets, or number of acoustic files
of bat activity that were recorded. The majority of insects captured were Coleptera, Diptera,
Hemiptera, Lepidoptera, and Trichoptera. Only two species of bats were caught: big brown
bats (Eptesicus fuscus) and eastern red bats (Lasiurus borealis). Most calls were produced
by big brown bats, followed by hoary bats (L. cinereus), red bats, and Myotis. Coleoptera
dominated the diet of big brown bats caught in orchards, followed by Diptera, Lepidoptera,
Hemiptera, and Hymenoptera. Analysis of the DNA of insects in feces indicated that big
brown bats consumed several species that are economically important, including mosquitoes
(Aedes), spotted cucumber beetles (Diabrotica undecimpunctata), and pavement ants
(Tetramorium caespitum).
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CHAPTER 1
ACTIVITY AND DIET OF BATS WITHIN ORGANIC AND CONVENTIONAL APPLE ORCHARDS

1

The use of synthetic pesticides in agriculture not only causes health concerns, but
these chemicals also have social and environmental costs (Cleveland et al., 2006). For
example, pesticides are helpful in controlling pests, but such compounds can negatively
impact beneficial organisms as well (Morales, 2002). Regular applications of synthetic
pesticides also result in a community of insects more resistant to specific pesticides (Turgut
et al., 2011), causing a need to develop new substances or to apply more of the old, and these
increasing production costs have caused growers to seek more economical alternatives to
synthetic pesticides (do Amarante et al., 2008). The growing concern by both consumers and
farmers over use of pesticides has led growers to move from conventional to organic
practices (Meisterling et al., 2009; Turgut et al., 2011). In 2005, the global market for total
sales of organic products was $20 billion and increasing at an annual rate of 20–35% (Delate
et al., 2008). In the United States alone, the sale of organic food has increased 20% annually
since 1990 (Meisterling et al., 2009).
Conventional farmers typically reduce crop damage from pests by using
organophosphate pesticides, which account for about half of all insecticides used in the world
(Gbaruko et al., 2009). Organophosphate pesticides can be very effective at lessening crop
damage (Reinecke and Reinecke, 2007), and they are also an attractive option because they
degrade rapidly by hydrolysis after exposure to sunlight, air, and soil, unlike persistent
organochlorines, such as DDT. Although organophosphates degrade faster than
organochlorines, organophosphates typically have greater toxicity, which poses a threat to
humans who are exposed to large amounts. Organophosphate pesticides irreversibly
inactivate the enzyme acetylcholinesterase, which is essential to nervous function in insects,
humans, and other animals (Gbaruko et al., 2009).
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The organic farming approach, in contrast, is one that integrates economically and
environmentally sustainable agriculture with humanity (Turgut et al., 2011). Organic
management practices exclude the use of synthetic pesticides and fertilizers, fungicidal and
insecticidal soaps, botanical insecticides, and sulfur and copper compounds (Holb et al.,
2003; Peck et al., 2006). In addition, organic farmers protect the long-term fertility of soils
by maintaining suitable levels of organic matter through addition of compost, rather than
mineral fertilizers (Juroszek et al., 2009; Reganold et al., 2001; Wood et al., 2006).
Apple orchards.—Although apples are grown on every continent, their production is
heavily concentrated in the United States (Peck et al., 2005), where more than 4.5 million kg
of the fruit were produced in 2009 (United States Department of Agriculture, 2010).
Michigan is the third leading apple-producing state in the country, with over 8 million trees,
on more than 1,200 farms, covering 23,471 ha of land (United States Department of
Agriculture/Foreign Agricultural Service, 2006). The amount of land devoted to apples in
Michigan, as well as the average yield (kg/ha), has increased steadily over the past few
decades (Hull, 1991).
Reganold et al. (2001) compared conventional to organic systems for growing apples
and showed a similar yield between the two practices. However, the organic system
produced sweeter, less tart apples, with a higher profitability. Additionally, organic systems
had higher fertility of the soil, as indicated by resistance to degradation of surface structure
and ability of water to enter the soil, and had potentially lower negative environmental
impacts than did conventional systems. Consequently, organic systems ranked higher in
environmental and economic sustainability than conventional systems.
Ecosystem services provided by bats.—Healthy ecosystems are important to human
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well-being in that they provide regulatory processes, such as suppression of insects,
pollination of flowers, and dispersal of seeds, and products, such as medicine and food (Kunz
et al., 2011). Ecosystems also supply supporting processes, such as nutrient cycling, as well
as cultural benefits, such as spiritual or aesthetic benefits. Although these products and
processes vary depending on the type of organism and the ecosystem in which it is found,
collectively they have been termed “ecosystem services” (Kunz et al., 2011).
On the international level, the status of bats recently has received increased attention,
reflecting the importance of their role in global biodiversity and the ecosystem services that
they provide, particularly the suppression of pests (Federico et al., 2008; Kunz et al., 2011;
Wickranasinghe et al., 2003). For example, a female little brown bat (Myotis lucifugus) with
a dependent offspring can consume up to 122% of her own body mass in insects during a
single night (Kurta et al., 1989), and one colony of 150 big brown bats (Eptesicus fuscus)
eats nearly 1.3 million pest insects each year, possibly disrupting the population cycles of
these invertebrates (Whitaker, 1995). Cleveland et al. (2006) reported that the annual value
of pest suppression by bats in a cotton-dominated agricultural landscape in south-central
Texas was ca. $183/ha. Many populations of bats, though, are declining, and Boyles et al.
(2011) suggest that the loss of bats in the United States could cost American farmers $23
billion/year.
Goals of the study.—Differences in use of pesticides between organic and
conventional farms should lead to differences in their respective communities of insects,
either in number of individuals or taxonomic composition (e.g., Letourneau and Goldstein,
2001). These presumed differences in the communities of insects should also be reflected in
the level of activity and diet of the primary nocturnal predators of insects, the bats (Braun de
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Torres, 2011; Genghini et al., 2006; Wickranasinghe et al., 2003). The first aim of this study,
therefore, is to determine whether the activity of insects and bats differs between organic and
conventional apple orchards. I predict that the abundance and diversity of both bats and
insects will be greater at organic sites. Based on the presumed greater abundance of insects
at organic farms, I also predict that reproductively active adult female bats, which must bear
the high cost of pregnancy and lactation (Kurta et al., 1989, 1990), will be more common at
organic orchards than adult males or non-reproductive females. Finally, many species of bats
are considered selective opportunists, concentrating on certain types of prey but taking
advantage of whatever happens to be abundant in their local feeding area (Fenton and Morris,
1976; Murray and Kurta, 2002). Consequently, I predict that the diet of bats will vary
between organic and conventional sites, reflecting the presumed differences in composition
of the insect community.

METHODS
Study sites.—For my study, I used four organic and four conventional apple orchards
located in southern Lower Michigan, within 200 km of the city of Jackson (Fig. 1.1; Table
1.1). Southern Lower Michigan is composed of glacial moraines and lake plains, with an
abundance of small streams, lakes, and ponds (Albert et al., 1986). Maximum elevation is
ca. 250 m. Although the area was mostly covered by deciduous forest when Europeans
arrived, remaining woodlands are highly fragmented, and agriculture is currently the
dominant land use (Albert et al., 1986; Winhold 2007).
Trees in the eight orchards were either small dwarf varieties (ca. 1–3 m in height) or
semi-dwarf trees (ca. 3–5 m in height). The distance between rows of trees was ca. 2–5 m,
and the distance between trees in a row was ca. 2–4 m. Orchards varied in size from 5.7 to
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24.3 ha, with a mean of 13.2 ha. Average distance between an orchard and the closest other
orchard used in the study was 112.5 ± 10.4 (SE) km. Orchards were chosen mainly based on
cooperation of the landowner and their distance from Jackson.
Light-trapping.—Light traps are classified as attractant traps, due to their interference
with normal sensory orientation of insects (Kunz, 1988), and these traps have been used
extensively in surveys of insect communities (Wolda, 1978). Therefore, I used a light trap
(Model 2815A, BioQuip, Gardena, California), powered by a 12-V battery, to sample insects
in the eight orchards, between 6 June and 13 August 2009 and between 18 May and 12
August 2010. Light-trapping occurred at only one orchard on any given night and coincided
with mist-netting for bats (see next section). The trap was turned on 1 h before sunset and
deactivated ca. 5 h later, immediately after the mist-netting system was dismantled. The light
trap always was set on the ground, each time at a different location. Captured insects were
preserved in 70% ethanol, and I later counted the insects and identified them to order, in the
laboratory, with the aid of a dissecting microscope.
Mist-netting.—Bats were captured using mist nets made from 50-denier, braided
nylon (Avinet, Dryden, New York). Nets were 6-m (2009) or 9-m high (2010) and were 6-,
9-, or 12-m wide, depending on space available at a particular site. Nets were placed
perpendicular to rows within the orchard or on the edge, next to woodlands, to maximize
capture success (Kunz and Kurta, 1988). Aerial photos of each orchard, with the location of
netting sites indicated, are provided in Appendix A.
Netting also took place between 6 June and 13 August 2009 and between 18 May and
12 August 2010. Mist-netting typically occurred 3–5 times per week, depending on weather,
but in only one orchard on any given night. Netting began at sundown and continued until 4
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h after sunset, after which activity of bats typically declines (Kunz, 1973; Milne et al., 2004).
Ambient temperature, which was determined by a thermometer ca. 2 m from the mist-netting
area, was recorded at the beginning and end of mist-netting. After capture, every bat was
identified to species and sexed. Each individual was classified as adult or juvenile,
depending on fusion of the epiphyseal plates at the metacarpal-phalangeal joints (Anthony,
1988). Females were further identified as non-reproductive, pregnant, lactating, or postlactating, based on body mass, abdominal palpation, and condition of the nipples and the
ability to express milk from them (Kurta, 2010; Racey, 1988).
Collection of guano and standard fecal analysis.—Fecal samples were taken from
each individual that was captured via mist-netting. Each bat was placed in a paper lunch bag
for up to 30 min, or until defecation occurred, and then safely released. Fecal pellets were
stored in plastic bags and frozen for later examination. All pellets that were collected were
included in the analysis. Each pellet was soaked in 95% ethanol and teased apart under a
dissecting microscope. The resulting fragments were classified to the level of order and
occasionally to lower taxonomic levels (Murray and Kurta, 2002), and the percent volume
contributed by each order was estimated visually for each pellet (Whitaker, 1988). Nonarthropod items, such as hair and dirt, were occasionally present but were not included in
estimates of percent volume (Murray and Kurta, 2002).
Acoustic monitoring and analysis.—Acoustic instruments (Anabat, Titley Electronics,
Ballina, Australia) were used to identify bats and quantify their level of activity, based on the
high-frequency echolocation sounds that bats produce (O’Farrell and Gannon, 1999). Each
monitoring unit consisted of an ultrasonic detector and a zero-crossings analysis interface
module (ZCAIM). The detector sensed ultrasound produced by each bat, whereas the
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ZCAIM transformed the sound into a digital signal and recorded the frequency-versus-time
structure of the call as a file on a compact flash card inside the ZCAIM. Each detector was
calibrated by adjusting the sensitivity setting until the tone emitted from an ultrasonic
distance-measuring device (Sonin, Charlotte, North Carolina) with a fresh battery was
detected at a distance of 25 m (Larson and Hayes, 2000; Tibbels, 2002).
The detector and ZCAIM were placed in a weatherproof case (Pelican Products,
Torrence, California), with an opening that was 5-cm in diameter, cut into the side. A piece
of U-shaped polyvinylchloride conduit was inserted into the hole and sealed in place with
waterproof caulk. The microphone of the detector rested in the inner end of the conduit, and
the outer end was open to the air, which allowed ultrasound to pass to the detector (Figure
1.2). To power the units for at least 10 days, a small (7 by 9 by 10 cm), sealed, lead-acid
battery (12 V, 5 A-h) also was placed in the cases.
Eight monitoring units were set up, one at each orchard, from 5 June to 13 August 2009
and from 11 May to 13 August 2010. During recording, the case containing the equipment was
raised on a pole, ca. 6 m above the ground (Figure 1.3). Each unit was programmed to record
from ca. 30 minutes before local sunset to ca. 30 minutes after local sunrise. A freshly charged
battery was installed at about weekly intervals, when the data were downloaded to a laptop
computer for later analysis. After downloading the files, I moved the unit to a new, randomly
selected location that was determined by using a random-number generator to select x- and ycoordinates specific to each orchard. Aerial photos, with monitoring sites at each orchard
indicated, are provided in Appendix A.
The number of files recorded per night was used as a measure of the level of bat
activity. If a particular monitoring unit did not record for the entire night (until sunrise), then
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the results from that night were not included in any analysis. Recorded calls were examined
using Analook W software (version 3.3q, 2006, http://hoarybat.com), and the calls were
assigned to a particular species or taxonomic group, based on various parameters, such as the
minimum and maximum frequency, duration of the call, and time between calls.
Some species, such as red bats (Lasiurus borealis) and hoary bats (Lasiurus
cinereus), are easily distinguished by their calls. However, the calls of big brown bats and
silver-haired bats (Lasionycteris noctivagans) are similar in structure (Betts, 1998), so their
calls were combined into one category. Nevertheless, silver-haired bats are extremely
uncommon in southern Lower Michigan (Kurta, 2010), making up less than 0.1% of all bats
that are mist-netted in the region (Winhold and Kurta, 2008), so I assumed that all calls
placed in the big brown/silver-haired bat category actually were made by big brown bats.
Likewise, there are three species in the genus Myotis that live in the study area—little brown
bat, northern long-eared bat (Myotis septentrionalis), and Indiana bat (Myotis sodalis)—and
all have very similar calls; therefore, I lumped calls attributed to any of these three species
into the single category of Myotis (Brooks, 2009; Flaquer et al., 2007; Morris et al., 2010).
No attempt was made to categorize sequences of calls with <3 individual pulses or consisting
of pulses of low quality (Francl, 2008; Johnson and Gates, 2008; Johnson et al., 2002).
Statistical analyses.—Data are presented as

X

± SE, and alpha was set to 0.05 for all

statistical tests. Analyses were performed primarily with Systat 10.2 (SYSTAT Software,
Inc., Richmond, California) or Excel (Microsoft, Redmond, Washington), although
Vassarstats (Lowry, 2008) was used to conduct two-sample independent t-tests and chisquare tests. A nested analysis of variance was used to determine differences, if any, in
number of acoustic files recorded, bats netted, and insects captured between organic and
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conventional orchards. Only orders of insects that individually contributed ≥5% of the total
amount captured were included in the comparison. Minimum ambient temperature was used
as a covariate in these three analyses, because temperature has a significant effect on the
number and composition of insects that are active (e.g., Ciechanowski et al., 2007; Le Lann
et al., 2011). To obtain normally distributed data, I added one to the raw counts obtained
from acoustic monitoring, mist-netting, and light-trapping, and applied a base-10 logarithmic
transformation, before performing statistical analyses.
A nested analysis of variance also was used to compare the percent volume of various
orders of insects that were found in the diet of bats from different types of orchards. For
these nested analyses, the percent volume of each order in the fecal pellets produced by each
bat was converted to a proportion, and the square root of each proportion was arcsinetransformed to attain normal distribution of the data (Zar, 1999). Only orders that
individually contributed ≥5% of the total number were included in these comparisons.
Different practices typical of conventional and organic orchards could affect the
overall level of activity of bats and insects, but these techniques also could affect the
structure of the local communities. Consequently, I also calculated a value for taxonomic
diversity and evenness, using the level of species or genus (Myotis) for the bats, ordinal level
for the insects captured, and ordinal level for the insects contained in the diet. As a measure
of diversity, I used Simpson’s Index, which is equal to: 1 – [∑ ni (ni – 1)] / N (N – 1), where
ni is the number of individuals from each species and N equals the total number of captured
species or orders (Brower and Zar, 1984). Evenness was calculated by taking the ratio of
observed diversity and maximum possible diversity for a community with a given number of
individuals and species or orders (Brower and Zar, 1984). Maximum diversity was

10

calculated as: [(S – 1) / S] * [N / (N – 1)], where N represents the number of individuals in the
community, and S equals the number of taxonomic categories. I calculated values of
diversity and evenness for each orchard and compared mean diversity and evenness of
organic and conventional orchards using a standard t-test.
RESULTS
Captures of insects.—I trapped insects on 36 nights in organic sites and 38 nights in
conventional orchards, for a total of 74 trap-nights from both field seasons (Table 1.2).
There was one fewer trap-night in the organic sites for sampling insects compared with
netting bats (see next section), due to malfunction of the battery. A total of 4,179 insects was
captured within the organic orchards, and 5,233 insects were trapped at conventional sites
(Table 1.3). Overall, 138 ± 22 insects/night were captured within conventional orchards,
whereas only 116 ± 20 insects/night were caught in organic orchards (Table 1.4). However,
there was no significant difference in total number of insects trapped/night between
conventional and organic orchards (F1, 6 = 0.03, P > 0.05).
Overall, five orders of insects—beetles (Coleoptera), flies (Diptera), true bugs
(Hemiptera), moths (Lepidoptera), and caddisflies (Trichoptera)—accounted for 96% of the
insects captured in the eight orchards (Table 1.5). As with the overall number of insects,
there was no statistical difference between the two types of orchards in the number of beetles
(F1, 6 = 0.72, P > 0.05), flies (F1, 6 = 0.12, P > 0.05), true bugs (F1, 6 = 0.49, P > 0.05), moths
(F1, 6 = 0.54, P > 0.05), or caddisflies (F1, 6 = 0.06, P > 0.05), that were captured (Table 1.5).
Beetles (Coleoptera) were the most abundant order of insect in both types of orchard,
representing 31.3 and 40.3% of captures in organic and conventional orchards, respectively
(Table 1.5). The next most common order of insects for organic sites was moths
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(Lepidoptera, 21.2%), but the second most abundant order in conventional orchards was flies
(Diptera, 23.1%; Table 1.5). A preliminary chi-square test, though, indicated significant
heterogeneity in the composition of the five most common orders of insects among the four
organic (X212 = 293.57; P < 0.001) and among the four conventional (X212 = 615.74; P <
0.001) orchards, which precluded a valid comparison of the overall composition of insects
between types of orchards using chi square (Table 1.6).
The two types of orchards also were similar in diversity and evenness of the insects
present. Mean diversity at the ordinal level was not significantly different (t3.2 = 1.95; P =
0.13) between organic locations (0.71 ± 0.03) and conventional orchards (0.76 ± 0.00).
Average evenness at the ordinal level was also not significantly (t3.2 = 1.84; P = 0.14)
different between organic (0.82 ± 0.03) and conventional (0.87 ± 0.01) sites (Table 1.5).
Captures of bats.—Mist-netting was evenly spread between the types of orchards,
with 37 nights occurring in organic and 38 nights in conventional apple orchards (Table 1.7).
I captured a total of 136 bats in the eight orchards. Of these bats, 54 (39.7%) were netted
within organic orchards, and 82 (60.3%) within conventional sites (Table 1.8). Average
netting success per night in organic orchards was 1.5 ± 0.4 captures/night, whereas the mean
for conventional orchards was 2.2 ± 0.6 captures/night (Table 1.9). However, there was no
statistical difference in number of captures/night between organic and conventional sites (F1,
6

= 0.26, P > 0.05).
Only two species of bats were caught during the study, although seven species exist

in this part of Michigan (Kurta, 1982, 2008); 131 captures (96.3%) were big brown bats, and
the remaining five animals (3.7%) were eastern red bats (Table 1.10). Of the eastern red
bats, one was an adult female, two were adult males, and two were juvenile males (Table
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1.11). The big brown bats consisted of 44 adult females, 27 juvenile females, 32 adult males,
and 28 juvenile males (Table 1.12).
Among the big brown bats, I caught 14 reproductive females (6 pregnant, 3 lactating,
and 5 post-lactating) and 3 non-reproductive females in the organic orchards and 21
reproductive females (4 pregnant, 13 lactating, and 4 post-lactating) and 6 non-reproductive
females in the conventional orchards (Table 1.13). There was no difference in the proportion
of reproductive and non-reproductive adult big brown bats between organic and conventional
orchards (X21 = 0.0; P = 1).
Among the juvenile big brown bats, I caught 11 females and 9 males in the organic
apple orchards, and 16 females and 19 males in the conventional orchards (Table 1.12). The
ratio of male to female juveniles was not significantly different between the types of orchard
(X21 = 0.15; P = 0.70). Among the adults, I captured 17 females and 15 males in the organic
apple orchards, and 27 females and 17 males in the conventional orchards (Table 1.12).
Similar to the juvenile sex ratio, the ratio of male to female adults was not statistically
different (X21 = 0.23; P = 0.63) between the kinds of orchard.
Acoustic monitoring.—For the combined field seasons, 25,945 files containing
sounds made by bats were recorded during 569 detector-nights, with a detector-night being
defined as a complete night of recording, by one detector, from sunset to sunrise (Table
1.14). A total of 10,217 files was recorded on 279 detector-nights within the four organic
orchards, whereas 15,728 files were recorded over 329 detector-nights within the four
conventional farms (Tables 1.14–1.15). Although more files were obtained numerically each
night in conventional orchards (51 ± 14 files/night) than at organic sites (37 ± 8 files/night;
Table 1.15), the difference was not significant (F1, 6 = 0.20, P > 0.05).
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I was able to assign 11,045 (43%) of the 25,945 acoustic files to genus or species.
Most calls from all orchards were produced by big brown bats (58.8%), followed by hoary
bats (27.7%), red bats (13.2%), and Myotis (<1%; Table 1.16). All four groups of bats were
detected in all eight orchards, except Myotis (Table 1.17), which was identified at only six
farms. Mean diversity of bats in organic sites (0.53 ± 0.02) was not statistically different (t6
= 0.78; P = 0.23) from that of conventional orchards (0.57 ± 0.05). Similarly, average
evenness in organic orchards (0.71 ± 0.02) was not statistically different (t3.6 = 0.71; P =
0.32) from that in conventional locations (0.75 ± 0.07). A preliminary chi-square test
indicated considerable heterogeneity in taxonomic composition of the calls of bats within the
four organic (X29 = 109; P < 0.001) and four conventional (X29 = 424; P < 0.001) orchards,
which prevented a meaningful comparison of overall composition between the two types of
orchards using chi square.
Dietary analysis.––I analyzed 131 pellets that were collected from 131 big brown
bats and five pellets from five eastern red bats. Lepidoptera (54% volume) contributed most
to the diet of red bats, followed by Coleoptera (32%) and Diptera (9%); the remaining 5%
was labeled as unknown (Table 1.18). Diet of the eastern red bats was not statistically
compared between types of orchards due to the low number of samples.
Of the 131 big brown bats, 79 were obtained from conventional apple orchards,
whereas 52 bats came from organic sites (Table 1.19). Overall, the diet of big brown bats
included five orders of insects (Tables 1.20–1.22). In contrast to the prey eaten by the
eastern red bat, Coleoptera alone composed 78.6% of the volume of the diet, followed by
Diptera (13.5%), Lepidoptera (1%), Hemiptera (0.9%) and Hymenoptera (0.5%; Table 1.21).
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I compared the percent volume of beetles and flies, the two most common orders, in
the diet of big brown bats, as well as overall ordinal diversity and evenness of their diets,
between organic and conventional sites (Tables 1.20–1.22). There were no statistical
differences between organic and conventional apple orchards for the percent volume of
coleopterans (F1, 6 = 0.21, P > 0.05) or dipterans (F1, 6 = 0.01, P > 0.05). Mean diversity at
the ordinal level was not significantly different (t6 = 0.95; P = 0.19) between organic
locations (0.30 ± 0.04) and conventional orchards (0.36 ± 0.05). Similarly, average evenness
at the ordinal level also did not differ statistically (t6 = 0.94; P = 0.19) between organic (0.37
± 0.05) and conventional (0.45 ± 0.06) sites (Table 1.20).
I was able to identify three beetles and one bug within the diet of big brown bats to
the level of species. The coleopterans included the spotted cucumber beetle (Diabrotica
undecimpunctata––1.7% of total volume), June bug (Phyllophaga implicita—1.3%), and
Japanese beetle (Popillia japonica––0.6%; Table 1.23), whereas the hemipteran was the
green stinkbug (Acrosternum hilare––0.9%). About 16.8% of the 131 big brown bats
consumed the green stinkbug, whereas 3.1–14.5% of the bats had eaten one of the three
species of beetle. Only one of these four species of insect was found in feces produced by
any one bat.

DISCUSSION
Captures of insects.—I found no significant difference between organic and
conventional apple orchards in southern Michigan in the number or diversity of insects
(Tables 1.4–1.5). Miñarro et al. (2009) recently reported similar results from apple orchards
in Spain. These authors compared the number and diversity of ground-dwelling predaceous
arthropods that were trapped in pitfalls and were unable to demonstrate significant
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differences between organic and conventional sites when all predators were combined.
However, these authors did find some statistical differences when specific families (e.g.,
Carabidae) and species were analyzed separately, and they explained this contradiction by
suggesting that different species responded differentially to the various treatments, with some
taxa increasing and others decreasing while overall numbers at the highest taxonomic levels
stayed the same. Perhaps, a study that examined specific families, genera, or species of
flying insects would be able to detect a difference between organic and conventional apple
orchards in Michigan, although I could not do so at the level of order.
Dietary analysis.—Coleoptera was the most abundant order of insect (78.6% volume)
in both types of orchards combined, followed by Diptera (13.5%; Table 1.20). The other
three orders of insects found within the diet of big brown bats were Hemiptera, Lepidoptera,
and Hymenoptera, although each contributed ≤1% of the volume (Table 1.20). My results
are similar to those of Feldhamer et al. (2009), who found that Coleoptera made up 72.2% of
the volume of the diet of big brown bats throughout southern Illinois, and many other studies
have shown that big brown bats forage primarily on beetles (Agosta and Morton, 2003;
Brigham and Saunders, 1990; Whitaker, 1995, 2004).
Dipterans usually do not form a large proportion of the diet of big brown bats (Agosta
and Morton, 2003; Brigham and Saunders, 1990; Whitaker, 1995, 2004), presumably because
of the typical small size of these insects. However, Whitaker and Barnard (2005) also found
dipterans to form a substantial part (10.5% volume) of the diet of big brown bats at a colony
in Georgia, and they speculated that consumption of flies probably was due to a greater
availability of these insects at that time in that area compared with other orders. Overall,
dipterans were the second most abundant order of insects that was captured in my light traps
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(Tables 1.5–1.6), which may help explain the large contribution of flies to the diet (Whitaker,
1995).
Prey of economic interest.––Bats are exceptionally important regulators of
herbivorous insects (Kalka et al., 2008), and certain species of bats provide an important
ecosystem service for farmers (Cleveland et al., 2006; Williams-Guillén et al., 2008).
Whitaker (1995), for example, found that big brown bats in Indiana consume many
agricultural pests, such as scarab beetles (Scarabaeidae), spotted cucumber beetles
(Diabrotica undecimpunctata), and stinkbugs (Pentatomidae). Each of these also was found
in the diet of big brown bats in Michigan.
Adult cucumber beetles (Diabrotica), also known as corn rootworms, emerge in the
spring and attack leaves and flowers of plants before laying their eggs at the base of the plant.
After hatching, the larvae, feed on the roots, reducing productivity by 10–13% and making
these beetles, arguably, the most important agricultural pest in the United States (Krysan and
Miller, 1986). The larvae cost farmers in the U.S. ca. $1 billion annually (Whitaker, 1995).
Similar to cucumber beetles, both larvae and adults of the June bug (Phyllophaga
implicita), a scarab beetle, are potentially damaging. The adults may defoliate trees, whereas
the larvae feed on the roots of grasses (Whitaker, 1995). Another scarab beetle that is a
known pest is the Japanese beetle (Popilla japonica). Although this insect is not very
destructive in its native land of Japan, where natural predators control it, the Japanese beetle
is a serious pest of over 200 species of plants in North America, including rose bushes,
grapes, and hops. This beetle tends to skeletonize the foliage of plants, causing irreversible
damage.
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The green stinkbug (Acrosternum hilare) is often a pest in orchards and agricultural
fields (Koppel et al., 2011; Panizzi and Slanski, 1985). Because they are polyphagous, they
feed on fruiting bodies of shrubs, trees, grasses, vegetables and fruit, but can survive on
weedy hosts (Koppel et al., 2011). This insect also feeds on stems and foliage and can
damage several types of fruit trees, including apple and cherry. The adults use their needlelike mouthparts to obtain the fluids of plants, although these insects can develop a preference
for developing seeds and thus become pests on plants such as corn and soybean. The fact
that 42% of the big brown bats ate one of these four species of pest indicates the potential
value of bats to agriculture in Michigan.
Captures of bats.—The most direct method for surveying bats is to use capture
methods, such as mist-netting (Carroll et al., 2002; Kunz and Kurta, 1988). Data from bats
caught in nets can be used to determine relative abundance and diversity of different species
in a particular area, and captures from netting also can provide unequivocal identification of
species and individuals, as well as information on age, sex, and reproductive condition.
During my study, I caught an average of 1.8 ± 0.3 bats/night in both types of orchard
combined (Table 1.9). This number is quite low compared with other studies in southern
Lower Michigan. For example, Winhold and Kurta (2008) report an average catch of 9
bats/night throughout the region.
My lower number of captures is related partly to the greater duration of nightly
netting by Winhold and Kurta (2008), who netted for 5 h/night compared with my 4 h/night.
However, only 11% of bats are caught in the 5th hour after sunset compared with the first 4 h
combined (Winhold and Kurta, 2008), so substantial differences still exist between my study
and theirs. Another factor that might explain the low number of captures in orchards is
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habitat. Most mist-netting surveys focus on areas where capture success is generally highest,
which is typically over streams or other flight corridors through wooded areas (Kunz and
Kurta, 1988). My study, however, was conducted in apple orchards, which were essentially
open areas that lacked restricted corridors that could concentrate the activity of flying bats.
During my study, I captured only two of the seven species of bat found in this part of
Michigan (Kurta, 2008)—big brown bats and eastern red bats—and these species represented
96 and 4%, respectively, of the total catch (Table 1.10). These results were similar to what
was expected for this part of Michigan, in that the big brown bat and eastern red bat were the
two most common species (Kurta, 2008). However, Winhold and Kurta (2008) caught 768
(87%) big brown bats versus 116 (13%) eastern red bats at 75 sites throughout the region,
and their relative proportions were significantly different (X21 = 9.17; P = 0.002) from those
in my study. The big brown bat is a hardy species that is a habitat generalist (Furlonger et
al., 1987; Geggie and Fenton, 1985; Smith and Gehrt, 2010), but the reason for its greater
relative abundance in orchards, compared with other habitats, is not immediately apparent.
As indicated earlier, big brown bats feed primarily on beetles (Agosta and Morton, 2003;
Ciechanowski et al., 2007; Feldhamer et al., 2009; Whitaker, 1995), whereas red bats
consume more soft-bodied moths and leaf hoppers than beetles (Carter et al., 2003; Clare et
al., 2009; Feldhamer et al., 2009). Beetles were the most common type of insect caught in
the orchards (Tables 1.5–1.6), and perhaps the abundance of beetles attracted big brown bats
to the orchards. In addition, Winhold et al. (2008) suggested that populations of red bats
were declining in southern Michigan, and this could be another factor causing a lower
relative abundance of red bats than expected.
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The lack of captures for the other five species in orchards can be explained by a
combination of habitat, behavior, and the general uncommonness of these species in the
region. Although hoary bats are summer residents of southern Lower Michigan, they are
rarely caught in nets (0.7%—Winhold and Kurta, 2008), probably due to the tendency of
these large bats to forage high in the air, above land-based mist nets. Indiana bats, little
brown bats, and northern long-eared bats typically are not abundant in southern Lower
Michigan, because of the long distance to underground hibernacula that these bats require
(Kurta 1982, 2008), and these species contribute only 1.3, 3.9 and 0.6%, respectively, to the
total of all bats caught in summer (Winhold and Kurta, 2008). Furthermore, Indiana bats and
little brown bats frequently forage on adult insects with aquatic larval stages (e.g., Anthony
and Kunz, 1977) and are more abundant over waterways than terrestrial sites (Winhold and
Kurta, 2008), like my orchards (Appendix A), whereas northern long-eared bats more
commonly are caught in the interior of forests (Carroll et al., 2002) and not at the edges of
woodlots where many of my nets were placed. Silver-haired bats, finally, are most often
encountered in the northern Lower Peninsula, in the transition to the Coniferous Forest
Biome (Kurta, 2010), and amount to only 0.1% of all summer captures in the south (Winhold
and Kurta, 2008).
Sex ratios.—I predicted that adult female big brown bats would be more common in
organic orchards than in conventional farms, but sex ratios of adult big brown bats did not
differ between types of orchard, nor did the ratio of reproductive to non-reproductive adult
females. Although these predictions were not upheld, this is not surprising because they
were predicated on an assumed difference in the insect community between organic and
conventional sites. However, my light-trapping revealed that total abundance of insects and
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the abundance of the five most common orders of insects did not differ between types of
orchards (Tables 1.5–1.6). Availability of prey, therefore, was similar in organic and
conventional apple orchards, so there was no reason for energetically stressed females to
favor one type of orchard over the other.
Although sex ratios did not differ between types of orchard, they were similar to what
is expected in the region. Of the 76 adult big brown bats that were captured in my study,
there were 32 (42%) males and 44 (58%) females (Table 1.12), whereas A. Kurta (in litt.)
caught 493 (37%) males and 834 (63%) females in Lower Michigan between 1978 and 2009.
The ratio of males to females was not significantly different (X21 = 0.56; P = 0.45) between
the two sets of data. Similarly, my results indicated an approximate 1:1 ratio of immature
males (28) to juvenile females (27; Table 1.12), whereas A. Kurta (in litt.) captured 210
immature males and 208 juvenile females; these proportions were not significantly different
(X21 = 0.0; P = 1.0). My results and those of A. Kurta (in litt.) suggest a 1:1 sex ratio for big
brown bats at birth, which is typical for most mammals (James, 2008). Although Kurta
(2010) reported sex ratios in southern Michigan of 115:43 (73% male) and 46:40 (53% male)
in adult and juvenile red bats, respectively, too few red bats were caught during my study
(Table 1.12) to analyze sex ratios.
Acoustic monitoring.—Different types of animals require different approaches to
surveys, and for small, nocturnal animals such as bats, acoustic detection and mist-netting are
the two most common sampling techniques (Kunz and Kurta, 1988). Each method, though,
has advantages over the other. Acoustic sampling, for example, can detect the presence of
individuals or species that regularly fly at great heights or are otherwise beyond the sampling
potential of mist nets (O’Farrell and Gannon, 1999). Conversely, acoustic recordings
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provide no information on population size or the identity or condition of individuals, and
acoustic techniques often do not lead to unambiguous identification of species (Flaquer et al.,
2007). Consequently, the two methods are often used in tandem (Murray et al., 1999).
In my study, I recorded 25,945 files containing sounds made by bats, with 51 ± 14
files/night from conventional orchards and 36 ± 8 files/night from organic sites (Table 1.15).
However, there was no statistical difference between total number of files recorded in
organic and conventional sites, which is consistent with my netting results. Taxonomic
richness, though, is commonly higher with acoustic monitoring than with mist-netting
(Flaquer et al., 2007; Morris et al., 2010; Murray et al., 1999), and this was true of my study
as well. Although I captured only big brown and red bats, my acoustic recordings also
indicated the presence of hoary bats and a few Myotis.
Hoary bats were frequently detected by the acoustic monitors (Tables 1.16–1.17), and
most of these recordings presumably represented an animal flying at heights above 6–9 m,
i.e., above my nets. These bats are fast-flying animals, with a low aspect ratio and poor
maneuverability, and they emit echolocation calls that are designed for detection of prey and
obstacles at a distance (Barclay, 1985); consequently, they forage primarily in open areas and
at height, far from any obstructions (Barclay, 1986; Barclay et al., 1999). Acoustic
monitoring units stationed on meteorological towers at proposed wind farms in Lower
Michigan also frequently record hoary bats, even though netting surveys that are performed
in nearby wooded areas rarely detect these large bats (e.g., Kurta, 2009). Meteorological
towers typically are located in open sites, like my orchards, so that the adjacent vegetation
does not impact recordings of wind velocity.
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Activity of bats in organic versus conventional locations.—To date, only one
quantitative study has been published concerning activity of bats on organic and conventional
farms of any type (Wickramasinghe et al., 2003). Wickramasinghe et al. (2003) compared bat
activity between 24 organic and 24 conventional farms in the United Kingdom, using
acoustic monitoring and captures via mist net, as I did in Michigan. These authors, however,
were able to match an organic farm with a conventional farm within 5 km, thereby
controlling for potential geographic variation, and they confirmed that the members of a pair
were comparable in mean temperature, mean wind speed, number of habitats that were
present on each farm, and number of habitats that were sampled. By using a matched-pair
sampling regime, they found that bat activity was 61% greater in organic than conventional
farms. Also, in a companion study at 18 pairs of farms, Wickramasinghe et al. (2004)
detected a significantly greater number of insects belonging to five families at organic
locations, although pairwise statistical comparisons of 13 other families showed no
differences between organic and conventional sites.
Nevertheless, the farms and the protocol in the studies of Wickramasinghe et al.
(2003, 2004) differed greatly from mine. Fifty-four percent of the farms used by
Wickramasinghe et al. (2004) were classified as livestock operations, and another 41% were
mixed, involving both livestock and unspecified crops. The types of farming practices and
potential chemicals used differ between pastures and orchards. For example, avermectin, an
antihelminthic drug often used with cattle and sheep on conventional farms in the United
Kingdom, can reduce the number of invertebrates utilizing cattle feces, thereby diminishing
the number of dung beetles (Scarabaeidae and Geotrupidae—Strong, 1992), which are
important to the diets of some British bats (Wickramasinghe et al., 2004). Such a chemical,
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of course, has no application in an apple orchard. Furthermore, Wickramasinghe et al. (2003,
2004) sampled bats and insects in a variety of habitats, including pasture, woodland,
cropland, and aquatic sites. After analyzing the data on abundance of insects and bats,
Wickramasinghe et al. (2003, 2004) reported differences primarily in the pastoral and aquatic
habitats—neither of which was sampled and generally not even present during my study
(Appendix A). Finally, the average size of their farms (ca. 51 ha—Wickramasinghe et al.,
2003) was more than double the area of my largest orchard (24 ha; Table 1.1); the larger size
of the British farms presumably would insulate them from surrounding sites on which
practices may differ, thus allowing the development of distinct communities of insects.
My examination of apple orchards is the second quantitative attempt to identify
variation in activity of bats in organic versus conventional farms. However, I was unable to
document differences in the number, richness, and diversity of bats, in dietary composition of
the bats, in the overall activity and ordinal diversity of insects, or in the abundance of
particular orders of insects. Future studies examining this question should consider a larger
sample of orchards and a concomitant paired design. Factors to consider in a paired design
could be size of the orchard and especially elements of the surrounding habitat, such as use
of adjacent land, size of neighboring woodlands, distance to the nearest pond or stream, and
location of known roosts—all are factors that can influence the activity of bats
(Ciechanowski et al, 2007; Titchenell et al., 2011). Furthermore, identification of insects to
taxonomic levels below the order should increase the chances of detecting significant
differences in the abundance and diversity of prey, if they truly occur (e.g., Miñarro et al.,
2009). Failure to find more activity of bats and insects in organic orchards in my study
suggests that differences between organic and conventional apple orchards, if they exist, are

24

subtle and/or clouded by other variables and that more sophisticated field and statistical
techniques will be required to document their existence.
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Table 1.1.—Location and size of each orchard sampled during 2009–2010.
Orchard
Organic
AlMar E
AlMar SE
Apple Schram
Country Mill
Conventional
Erwin
Spicer
Swinderman N
Swinderman S

County

Township, range, section

Area (ha)

Genesee
Genesee
Eaton
Eaton

T7N R7E S08
T7N R7E S08
T4N R4W S24
T3N R5W S21

7.7
9.1
5.7
8.5

Oakland
Livingston
Lenawee
Monroe

T1N R7E S07
T3N R6E S03, 04, 09
T7S R5E S14
T7S R6E S19

24.3
16.2
24.3
10.1
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Table 1.2.—Number of nights on which insects were trapped within each type of orchard.
Year
2009
2010
Total

Organic
12
24
36

Conventional
14
24
38

34

Total
26
48
74

Table 1.3.—Total number of insects captured from all orders within each orchard.
Orchard
Organic
AlMar E
AlMar SE
Apple Schram
Country Mill
Total organic
Conventional
Erwin
Spicer
Swinderman N
Swinderman S
Total conventional
Grand total

2009

2010

Total

176
232
672
245
1,325

575
944
612
723
2,854

751
1,176
1,284
968
4,179

335
151
1,283
222
1,991
3,316

708
545
1,233
756
3,242
6,096

1,043
696
2,516
978
5,233
9,412
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Table 1.4.—Number of insects from all orders ( X ± SE) captured per night within each
orchard.
Orchard
Organic
AlMar E
AlMar SE
Apple Schram
Country Mill
Total organic
Conventional
Erwin
Spicer
Swinderman N
Swinderman S
Total conventional

2009

2010

Total

88 ± 1.0
77.3 ± 32.1
224 ± 184.3
61.3 ± 11.4
110.4 ± 44.7

95.8 ± 38.8
157.3 ± 51.7
102 ± 45.6
120.5 ± 34.6
118.9 ± 20.7

93.9 ± 28.4
130.7 ± 37.1
142.7 ± 64.1
96.8 ± 22.6
116.1 ± 20.0

83.8 ± 32.7
50.3 ± 15.8
256.6 ± 104.0
111 ± 81.0
142.2 ± 43.9

118 ± 35.6
90.8 ± 29.0
246.6 ± 50.7
108 ± 55.5
135.1 ± 24.3

104.3 ± 24.4
77.3 ± 20.4
251.6 ± 55.7
108.7 ± 44.5
137.7 ± 21.9
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Table 1.5.—Number of individuals (%) from each order of insects captured within each type of orchard. Statistical analysis was
only conducted on orders of insects that contributed ≥5% of the total amount captured from both types of orchard.
Order
Coleoptera
Diptera
Trichoptera
Lepidoptera
Hemiptera
Hymenoptera
Ephemeroptera
Collembola
Orthoptera
Total

Organic
1,685 (40.3)
741 (17.7)
500 (12.0)
887 (21.2)
345 (8.3)
15 (0.4)
0 (0.0)
5 (0.1)
1 (0.0)
4,179

Conventional
1,638 (31.3)
1,210 (23.1)
1,145 (21.9)
605 (11.6)
271 (5.2)
291 (5.6)
68 (1.3)
5 (0.1)
0 (0.0)
5,233

37

Total
3,323 (35.3)
1,951 (20.7)
1,645 (17.5)
1,492 (15.9)
616 (6.5)
306 (3.3)
68 (0.7)
10 (0.0)
1 (0.0)
9,412

Table 1.6.—Number of individuals (%) from the five most abundant orders of insects captured within each orchard. Each order
contributed ≥5% of total number of insects trapped in both types of orchard.
Orchard
Organic
AlMar E
AlMar SE
Apple Schram
Country Mill
Total organic
Conventional
Erwin
Spicer
Swinderman N
Swinderman S
Total conventional
Grand total

Lepidoptera

Coleoptera

Diptera

Hemiptera

Trichoptera

Total

131 (17.5)
220 (18.8)
412 (32.3)
124 (12.8)
887

321 (42.8)
423 (36.2)
548 (43.0)
393 (40.8)
1,685

189 (25.2)
223 (19.1)
139 (10.9)
190 (19.7)
741

18 (2.4)
155 (13.2)
70 (5.5)
102 (10.6)
345

91 (12.1)
149 (12.7)
106 (8.3)
154 (16.0)
500

750
1,170
1,275
963
4,158

192 (18.6)
176 (25.4)
126 (5.2)
111 (15.9)
605
1,492

371 (35.9)
225 (32.5)
702 (28.7)
340 (48.6)
1,638
3,323

166 (16.1)
144 (20.8)
743 (30.4)
157 (22.4)
1,210
1,951

48 (4.6)
74 (10.7)
103 (4.2)
46 (6.6)
271
616

257 (24.9)
73 (10.5)
769 (31.5)
46 (6.6)
1,145
1,645

1,034
692
2,443
700
4,869
9,057
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Table 1.7.—Number of nights that netting occurred in each type of orchard during 2009–
2010.
Year
2009
2010
Total

Organic
13
24
37

Conventional
14
24
38

39

Total
27
48
75

Table 1.8.—Number of bats of any species captured via mist nets within each orchard.
Orchard
Organic
AlMar E
AlMar SE
Apple Schram
Country Mill
Total organic
Conventional
Erwin
Spicer
Swinderman N
Swinderman S
Total conventional
Grand total

2009

2010

Total

0
3
7
1
11

4
15
19
5
43

4
18
26
6
54

2
8
1
7
18
29

13
32
12
7
64
107

15
40
13
14
82
136
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Table 1.9.—Number of bats ( X ± SE) of any species captured per night with mist nets from
all orchards.
Year
2009
2010
Total

Organic
0.9 ± 0.5
1.8 ± 0.6
1.5 ± 0.4

Conventional
1.3 ± 0.6
2.7 ± 0.9
2.2 ± 0.6

41

Total
1.2 ± 0.3
2.2 ± 0.4
1.8 ± 0.3

Table 1.10.—Number of individuals (%) from each species of bat captured with mist nets
from all orchards.
Year
2009
2010
Total

Big brown
27 (93.1)
104 (97.2)
131 (96.3)

Eastern red
2 (6.8)
3 (2.8)
5 (3.7)

42

Total
29
107
136

Table 1.11.—Sex and age of captured eastern red bats from all orchards.
Year
2009
2010
Total

Adult female
1
0
1

Juvenile female
0
0
0

43

Adult male
0
2
2

Juvenile male
1
1
2

Total
2
3
5

Table 1.12.––Sex and age of captured big brown bats from each type of orchard.
Orchard
Organic
Conventional
Total

Adult female
17
27
44

Juvenile female
11
16
27

44

Adult male
15
17
32

Juvenile male
9
19
28

Total
52
79
131

Table 1.13.—Reproductive condition of captured adult female big brown bats from both
types of orchards.

Organic
Conventional
Total

Reproductive females
14
21
35

45

Non-reproductive females
3
6
9

Total
17
27
44

Table 1.14.—Number of nights on which ultrasonic recording took place within each type of
orchard.
Year
2009
2010
Total

Organic
77
202
279

Conventional
110
219
329

46

Total
187
421
608

Table 1.15.––Number of files/night ( X ± SE, n ) containing sounds of bats that were
recorded by ultrasonic monitoring units in each orchard.
Orchard
Organic
AlMar E
AlMar SE
Apple Schram
Country Mill
Total organic
Conventional
Erwin
Spicer
Swinderman N
Swinderman S
Total conventional
Grand total

2009

2010

Total

34.5 ± 5.2, 726
66.4 ± 21.1, 1,262
11.0 ± 3.4, 187
35.0 ± 7.1, 700
35.5 ± 10.3, 2,875

46.0 ± 7.1, 2.853
40.4 ± 6.4, 1,656
18.2 ± 2.6, 1,038
42.7 ± 9.2, 1,795
36.8 ± 6.3, 7,342

43.1 ± 5.5, 3,579
49.4 ± 8.1, 2,918
16.6 ± 2.1, 1,225
40.2 ± 6.6, 2,495
36.2 ± 8.3, 10,217

71.8 ± 21.2, 1,508
25.6 ± 7.4, 614
28.6 ± 4.4, 1,145
100.3 ± 44.3, 2,508
56.6 ± 18.0, 5,775
8,650

66.4 ± 9.5, 3,585
15.9 ± 2.5, 857
55.2 ± 11.8, 3,036
44.2 ± 5.5, 2,475
45.4 ± 10.8, 9,953
17,295

67.9 ± 9.0, 5,093
18.9 ± 2.9, 1,497
44.0 ± 7.2, 4,181
61.5 ± 14.3, 4,650
51.0 ± 14.4, 15,728
25,945
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Table 1.16.––Taxonomic composition (%) of identified files recorded by ultrasonic detectors in each type of orchard.
Species
Big brown bat
Hoary bat
Red bat
Myotis
Total

Organic
2,943 (63.7)
1,030 (22.3)
631 (13.7)
15 (0.3)
4,619

Conventional
3,554 (55.3)
2,030 (31.6)
826 (12.9)
16 (0.3)
6,426
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Total
6,497 (58.8)
3,060 (27.7)
1,457 (13.2)
31 (0.3)
11,045

Table 1.17.––Taxonomic composition of identified files recorded by ultrasonic detectors
within each orchard.
Orchard
Organic
AlMar E
AlMar SE
Apple Schram
Country Mill
Total organic
Conventional
Erwin
Spicer
Swinderman N
Swinderman S
Total conventional
Grand total

Big brown bat

Red bat

Hoary bat

Myotis

Total

880
982
310
771
2,943

130
271
88
142
631

412
315
121
222
1,030

0
0
6
9
15

1,422
1,568
525
1,144
4,659

1,480
334
870
870
3,554
6,497

71
71
296
388
826
1,457

554
235
632
662
2,030
3,060

7
1
6
2
16
31

2,112
641
1,804
1,922
6,479
11,138
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Table 1.18.––Percent volume of orders of insects consumed by eastern red bats from all
apple orchards, during 2009–2010.
Order
Coleoptera
Diptera
Lepidoptera
Unknown

Organic
(n = 2 bats)
28
5
62
5

Conventional
(n = 3 bats)
36
13
46
5
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Total
(n = 5 bats)
32
9
54
5

Table 1.19.––Number of big brown bats from which fecal pellets were collected within each
type of orchard, during 2009–2010.
Year
2009
2010
Total

Organic
9
42
52

Conventional
18
62
79

51

Total
28
104
131

Table 1.20.––Percent volume of orders of insects consumed by individual big brown bats
from all apple orchards, during 2009–2010.
Order
Coleoptera
Diptera
Lepidoptera
Hemiptera
Hymenoptera
Unknown

Organic
(n = 52 bats)
79.3
13.2
0.6
0.7
0.7
5.5

Conventional
(n = 79 bats)
78.0
13.9
1.3
1.1
0.2
4.5

52

Total
(n = 131 bats)
78.6
13.5
1.0
0.9
0.5
5.0

Table 1.21.––Percent volume of orders of insects consumed by individual big brown bats
from organic and conventional apple orchards.

Order
Coleoptera
Diptera
Lepidoptera
Hemiptera
Hymenoptera
Unknown
Ordinal diversity
Ordinal evenness

2009
Organic
Conventional
(n = 10 bats)
(n = 17 bats)
85.0
81.50
3.33
7.67
1.25
4.00
0.00
0.00
0.33
0.33
7.08
6.50
0.11
0.23
0.13
0.29
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Organic
(n = 42 bats)
77.67
15.93
0.47
0.93
0.00
5.00
0.30
0.37

2010
Conventional
(n = 62 bats)
76.32
16.80
0.00
1.56
0.16
3.52
0.33
0.41

Table 1.22.––Percent volume of orders of insects consumed by individual big brown bats from each apple orchard, during
2009–2010.
Order
AlMar E
Country
Coleoptera
Diptera
Lepidoptera
Hemiptera
Hymenoptera
Unknown
Ordinal diversity
Ordinal
evenness

70.0
21.3
0.0
5.0
0.0
3.8
0.42
0.53

Organic
AlMar SE
Apple

83.2
12.0
0.0
0.3
0.0
4.4
0.23
0.28

Schram
77.7
12.5
1.3
0.5
1.4
6.6
0.29
0.36

Erwin
Swinderman
Mill
81.7
14.2
0.0
0.0
0.0
4.2
0.25
0.32

78.8
15.3
0.9
0.6
0.3
3.8
0.30
0.38
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Conventional
Spicer
Swinderman

79.4
36.6
1.4
0.8
0.3
4.1
0.46
0.57

N
67.9
25.4
0.0
1.7
0.0
5.0
0.42
0.52

S
80.3
10.0
2.1
1.8
0.0
5.9
0.26
0.33

Table 1.23.––Percent volume of insect fragments that were identified to the level of species within fecal pellets of big brown bats
from apple orchards, during 2009–2010. Number of individual bats that consumed each species of insect is in parentheses.
Species
Green stinkbug (Acrosternum hilare)
Spotted cucumber beetle (Diabrotica undecimpunctata)
June bug (Phyllophaga implicita)
Japanese beetle (Popillia japonica)

Organic

Conventional

Total

0.7 (4)
2 (6)
0.6 (2)
0 (0)

1.1 (18)
1.5 (13)
1.8 (8)
0.9 (4)

0.9 (22)
1.7 (19)
1.3 (10)
0.6 (4)
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Figure 1.1.––Locations of apple orchards used during the study in 2009–2010. The first four
that are listed are organic, and the last four are conventional. The starting point, Jackson,
Michigan, is also indicated.
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Figure 1.2.––Anabat detector, ZCAIM, and battery inside weatherproof case used during the
2009–2010 study.
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Figure 1.3.––Monitoring unit set up within an apple orchard during the 2009–2010 study.
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CHAPTER 2
ANALYSIS OF DNA FROM FECES TO IDENTIFY PREY OF BIG BROWN BATS (EPTESICUS FUSCUS)
CAUGHT IN APPLE ORCHARDS
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Bats are among the most overlooked, yet economically important, non-domesticated
animals in North America, and conservation of these flying mammals is important for the
integrity of ecosystems (Boyles et al., 2011). Bats are voracious predators of nocturnal
insects, and recent studies indicate that insectivorous bats provide a valuable pest-control
service to humans, by including many agricultural pests in their diet (Kunz et al., 2011; Lee
and McCracken, 2005). For example, Cleveland et al. (2006) showed that consumption of
insects by bats was worth up to $1.7 million annually to cotton farmers in Texas. In Indiana,
a single colony of 150 bats was estimated to consume nearly 1.3 million pests each year,
possibly leading to a disruption of the population cycles of those insects (Whitaker, 1995).
Furthermore, Boyles et al. (2011) recently suggested that the decline of bats in North
America could cost American farmers roughly $23 billion per year in lost production and
increased use of chemical pesticides.
Fruit-growing is an important component of agriculture in the United States, and apples
represent 24% of the total U.S. fresh-market crop (Wolford and Bank, 2011). Annual production
of apples in the United States exceeds 4.17 billion kg and is valued at $1.9 billion. Apples are
grown in all 50 states and are produced commercially in 36 states. However, three states—
Washington, New York, and Michigan—account for over 75% of the nation’s crop of apples
(United States Department of Agriculture/Foreign Agricultural Service, 2006).
Despite the importance of apples, many species of arthropods still threaten the
success of this commodity. These pests include the apple budmoth (Platynota idaeusalis––
Meissner et al., 2001), white apple leafhopper (Typhlocyba pomaria––Beers et al., 1995),
apple aphid (Aphis pomi––Stoeckli et al., 2008), and two-spotted spider mite (Tetranychus
urticae—Hardman et al., 2007). The three most damaging pests in Michigan, though, are the
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codling moth (Cydia pomonella––Mota-Sanchez et al., 2008), the oriental fruit moth
(Grapholita molesta––Stelinski et al., 2009), and a beetle, the plum curculio (Conotrachelus
nenuphar––Clark and Gage, 1997). Do any of the bats foraging in apple orchards in
Michigan eat these pests? If so, manipulation of habitats surrounding orchards in a way that
encourages the presence of bats may be another tool for integrated pest management (Boyles
et al., 2011), thus reducing the need for chemical pesticides and benefiting both farmers and
consumers alike.
Traditional dietary analysis of insectivorous bats relies on identification of fragments of
prey in feces (Kunz and Whitaker, 1983). Bats, however, chew their food rapidly and
thoroughly. Some soft-bodied prey are masticated so completely that their remains cannot even
be recognized, and it generally is not possible to identify the tiny chitinous fragments of even
hard-bodied insects below the level of order by a standard visual examination (Chapter 1; Kunz
and Whitaker, 1983). Because species-level identification of most prey is impossible, inferences
about dietary variation, predator preferences, and the economic impact of bats are severely
constrained by traditional methods (Clare et al., 2011).
Recently, though, biologists have detailed the diets of some predators, based on the DNA
of prey found in stomach contents or feces. Such studies have been performed on various
animals, including mosquitoes (Coulson et al., 1990), wasps (Kasper et al., 2004), marine
invertebrates and vertebrates (Blakenship and Yayanos, 2005; Jarmin et al., 2002), and sea lions
(Deagle et al., 2005), as well as insectivorous bats (Clare et al., 2009, 2011; Zeale et al., 2011).
These molecular identifications of prey rely on the polymerase chain reaction (PCR) to amplify
the DNA, followed by techniques that determine the sequence of nucleotides in certain regions
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of the DNA. That sequence is then compared to a database of sequences obtained from the DNA
of known species of animals to determine the identity of the unknown prey.
In this study, I used molecular techniques to determine the species of insects that
contribute the diet of big brown bats (Eptesicus fuscus) that were caught in apple orchards in
southern Michigan (Chapter 1). Although many biologists have documented the diet of this bat
to the level of order through standard visual analysis (Agosta and Morton, 2003; Brigham and
Saunders, 1990; Carter et al., 2003; Feldhamer et al., 2009; Whitaker, 1995; Whitaker and
Barnard, 2005), there have been no attempts at species-level identification with a molecular
approach. By examining the DNA of insects in the feces, I will provide the first species-level
assessment of diet for this bat and determine whether the big brown bat is eating any prey of
economic concern, especially pests of apples, such as the codling moth, oriental fruit moth, and
plum curculio.

METHODS
Bats were captured via mist-netting between 6 June and 13 August 2009 and from 18
May to 12 August 2010, within four organic and four conventional orchards (Chapter 1).
After capture, each bat was placed in a paper lunch bag for up to 30 min until defecation
occurred and then safely released. Ultimately, each bat yielded only one fecal pellet, and
these were individually stored in plastic bags and frozen at –20ºC for later examination.
In the laboratory, fecal pellets were teased apart under a dissecting microscope, and I
chose four chitinous fragments from each pellet—usually large pieces, such as legs,
antennae, wings, or parts of the exoskeleton—for extraction of DNA. Each fragment was
placed in a well of a 96-well PCR plate, containing 45 µL of insect lysis buffer and 5 µL of
proteinase K (Ivanova et al., 2006). The plate was sealed and centrifuged and then incubated
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in a water bath at 56ºC overnight. After incubation, DNA was extracted using a glass-fiber
technique (Ivanova et al., 2006).
Initially, the target gene was a 648-bp region of the cytochrome oxidase c subunit I
(COI—Hebert et al., 2003) of the mitochondrial DNA (mtDNA). Amplification was
attempted using a forward primer (LepF1: 5-ATTCAACCAATCATAAAGATAT-3), a
reverse primer (LepR1: 5-TAAACTTCTGGATGTCCAAAAA-3), and a polymerase master
mix (GoTaq Colorless Master Mix, Promega, Madison, Wisconsin), as recommended by
Hebert et al. (2004). If these primers failed to amplify the mtDNA, an alternative reverse
primer (AltRev: 5-CTTATATTATTTATTCGTGGGAAAGC-3) was used instead of LepR1
to generate a 350-bp product (Hebert et al., 2004).
After successful extraction, 5 µl of DNA was subjected to PCR, using a thermal
cycler (MyCycler, Bio-Rad, Bio-Rad Laboratories, Hercules, California). The cycling
conditions were one cycle of 1 min at 94°C, six cycles of 1 min at 94°C, 1.5 min at 45°C, and
1.25 min at 72°C; these steps were followed by 36 cycles of 1 min at 94°C, 1.5 min at 51°C,
and 1.25 min at 72°C, with a final step of 5 min at 72°C (Hebert et al., 2004). Products of
the PCR were separated according to size using electrophoresis in 1.0% agarose gels (GibcoBRL, Life Technologies, Carlsbad, California), made with
tris/borate/ethylenediaminetetraacetic acid buffer (TBE buffer) at a concentration of 0.5x,
stained with GelRed (Biotium, Hayward, California) and visualized under ultraviolet light.
Products that amplified successfully were cleaned using a purification reagent (ExoSAP-IT,
USB Corporation, Cleveland, Ohio) and were sent to the University of Michigan DNA
Sequencing Core for sequencing.
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The initial methods for PCR generally were not successful, so a modified protocol
was established (Zeale et al., 2010). This second technique amplified a 157-bp region of COI
using the forward primer (ZBJ-F1: 5-AGATATTGGAACWTTATATTTTATTTTTGG-3)
and the reverse primer (ZBJ-R2: 5-WACTAATCAATTWCCAAATCCTCC-3). The
thermocycling conditions for this PCR consisted of one cycle of 3 min at 94°C, followed by
16 cycles of 0.5 min at 94°C, 0.5 min at 61°C (decreased by 0.5°C/cycle), and 0.5 min at
72°C. These steps were followed by 24 cycles of 0.5 min at 94°C, 0.5 min at 53°C, and 0.5
min at 72°C, followed by a final incubation of 10 min at 72°C. The products of the PCR
were electrophoresed on a 1.5% agarose TBE gel, visualized under ultraviolet light, and
resultant products were cleaned and sent for sequencing, as in the original protocol above.
All resulting sequences were compared to ca. 127,000 reference sequences derived
from North American arthropods that are present in the Barcode of Life Data System
(BOLD, accessed April 2011—Ratnasingham and Hebert, 2007). Species-level
identification was based on a match of ≥98% to a reference sequence and no equivalent
similarity to other species (Clare et al, 2011; Ross et al., 2008). When a sequence matched
members of a known genus but could not be unequivocally identified to a specific species, I
made a generic assignment (Clare et al., 2009); similarly, if I could not unequivocally
identify to genus, I made a familial identification.

RESULTS
I attempted amplification of mtDNA from 524 fragments in 131 pellets produced by
131 bats. One-hundred-sixty-five (31%) samples of mtDNA from 95 bats were successfully
amplified and submitted for sequencing. I obtained 58 (35%) matches having ≥98%
similarity with sequences of insects in BOLD from feces produced by 40 bats (Table 2.1).

64

Feces from 25 bats yielded a single match to a reference sequence in BOLD, although
fragments from some pellets resulted in two (12 bats) or three (3 bats) identifications (Table
2.2). The original primers, LepF1 and LepR1, were used in processing 105 samples that
were sent for sequencing and yielded 23 identifications (22% success) in BOLD. The
alternate primers, F1 and R2, provided 60 samples that were sequenced and resulted in 35
matches (58% success). In addition to the 165 samples that were successfully amplified,
three samples showed ≥98% similarity to bacteria, and one matched the species of bat from
which the fecal pellet was collected; these four matches to non-arthropods resulted from
using the original primer set.
Comparisons with the reference database allowed identification of 41 (71%) of the 58
matched sequences to species, 5 (8%) to only genus, and 12 (21%) to only family (Table
2.1). Forty-nine (84%) of the matches were to taxa within the order Coleoptera; most (37
matches) represented taxa within the family Carabidae, with a few from Elateridae (5),
Cerambycidae (4), Chrysomelidae (1), Nitidulidae (1), and Scarabaeidae (1). Orders other
than Coleoptera that were identified in the fecal pellets were Diptera (6 matches),
Hymenoptera (2), and Ephemeroptera (1; Table 2.1).
The 41 fragments identified to species were traced to 20 different species (Table 2.1).
The most commonly identified species was Harpalus pennsylvanicus, a carabid beetle that
was documented 15 times. The other 19 species were detected only 1–3 times each. The 20
species included several important pests, such as mosquitoes (Aedes), the spotted cucumber
beetle (Diabrotica undecimpunctata), and pavement ants (Tetramorium caespitum).
However, none of the major pests of apples in Michigan—the codling moth, oriental fruit
moth, and plum curculio—was found among the fragments that were identified to species.
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DISCUSSION
For insectivorous bats, visual examination of the tiny pieces of chitin found in feces
typically results in identification of prey to order and occasionally family but rarely to
species (Clare et al., 2006; Clare et al., 2009). However, amplifying and sequencing the
DNA of prey found in feces of the predator is an emerging technique that promises to yield
detailed dietary information. This procedure recently identified over 100 species of insect in
the diet of eastern red bats (Lasiurus borealis) in Canada (Clare et al., 2009), 37 species
eaten by three vespertilionid bats in England (Zeale et al. 2010), and 24 species consumed by
two mormoopid bats in Puerto Rico (Rolfe, 2011).
My study was the first to use these molecular techniques to study the diet of the big
brown bat, one of the most common bats in North America (Kurta and Baker, 1990), and it
resulted in identification of 41 fragments to species, 5 to only genus and 12 to only family
(Table 2.1). Descriptions of foods eaten by this species, based on visual analysis,
consistently indicated that the big brown bat preys mainly on beetles (Agosta and Morton,
2003; Brigham and Saunders, 1990; Carter et al., 2003; Feldhamer et al., 2009; Whitaker,
1995). For example, Whitaker (1995) analyzed the diet of big brown bats at 11 maternity
colonies in Indiana and Illinois and attributed 74% of the volume of the diet to Coleoptera.
Similarly, using standard fecal analysis, I found that big brown bats in apple orchards of
southern Michigan consumed 79% beetles by volume (Chapter 1). Although quantification
of prey using percent volume and percent frequency are not identical (Whitaker, 1988), the
84% coleopterans (i.e., species-, genus-, and family-level identifications) that resulted from
my molecular determination of prey is consistent with a beetle-dominated diet (Table 2.1).
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Molecular techniques also are valuable in that they have the potential to identify softbodied prey that often leave no recognizable remnants (Symondson, 2002). For example,
mayflies (Ephemeroptera) rarely are identified using visual analysis because of thorough
mastication of their soft body by bats (Clare et al., 2011; Kunz and Whitaker, 1983).
Nevertheless, I was able to identify one species (Isonychia arida: Isonychiidae) from this
order using the molecular technique (Tables 2.1–2.2).
Prey of economic concern.—One goal of my study was to determine whether bats in
orchards of southern Michigan were consuming the most serious pests of apples—the codling
moth, oriental fruit moth, and the plum curculio. Based on molecular analysis of 58
fragments of prey from 40 bats, I could find no evidence that bats captured in apple orchards
were preying on these species. Two of these pests are moths, and big brown bats do not
include a large number of moths in their diet, compared with beetles (Brigham and Saunders,
1990; Carter et al., 2003; Feldhamer et al., 2009; Whitaker, 1995). For example, in the
Allegheny Plateau and Ridge and the Valley provinces of West Virginia, Carter et al. (2003)
reported that moths contributed only 5.5% to the diet, and in southern Michigan, I (Chapter
1) found that moths formed only 1% of the volume of the diet.
The third species of pest, the plum curculio, is a curculionid beetle, but it too was not
found in feces of the big brown bat captured in apple orchards. A few studies that used
standard visual analysis have attempted identification of beetles to family, but when doing
so, the Curculionidae usually comprised <1% of the diet of big brown bats (Agosta and
Morton, 2003; Whitaker, 1995). Thus, my failure to document the presence of these three
pests in the diet of the big brown bat may be based on the general rarity of moths and
curculionid beetles in the diet of this species. Although I am not aware of any bat that preys
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heavily on curculionids, some North American bats, such as the Brazilian free-tailed bat
(Tadarida brasiliensis), hoary bat (Lasiurus cinereus), and eastern red bat (Lasiurus
borealis), consume many moths on a daily basis, and perhaps the codling moth and oriental
fruit moth fall prey to bats more commonly in regions of the country where these motheating species are abundant (Walton, 2005).
Although I was unable to document that these bats are consuming the pests of most
concern to apple growers in Michigan, I was able to show that big brown bats do eat insects
that are of economic concern, such as mosquitoes. Dipterans typically form a small portion
of the diet of the big brown bat, perhaps because of the usual small size of these insects, but
Whitaker and Barnard (2005) did find trace amounts of mosquitoes (Culicidae) in the diet of
big brown bats in Georgia. Using the DNA-based technique, I found three culicids: Aedes
excrucians, A. trivittatus, and A. vexans. A. vexans is a vector of arthropod-borne viruses,
such as eastern and western equine encephalitis, West Nile virus (CDC, 2009; Goddard et al.,
2002; Rochlin et al., 2008), and deadly rabbit virus (myxomatosis), as well as the nematode
known as canine heartworm (Dirofilaria immitis). A. trivittatus is linked to various types of
snowshoe hare virus (Willis et al., 1975) and West Nile virus (CDC, 2009), whereas A.
excrucians also transmits canine heartworm (Crans, 2010).
Besides the culicids, another dipteran, the crane fly (Nephrotoma erebus: Tipulidae),
was identified based on its DNA (Table 2.1). The larvae of this insect, which are called
leatherjackets due to their tough brownish skin, live in the soil, where they attack the roots of
grasses, such as those found in residential lawns, in spring. The adults do not feed and only
emerge for mating and laying eggs (Drees and Jackman, 1999), making them available as
prey for bats.
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The only hymenopteran that was identified with molecular techniques was the
pavement ant (Tetramorium caespitum) in the family Formicidae. The pavement ant is an
introduced species and one of the most commonly encountered house-infesting ants (Jacobs,
2008). These aggressive invertebrates nest in large colonies under sidewalks, building slabs,
and large rocks, and they often enter buildings through cracks in the foundation (Jacobs,
2008).
Three species of Coleoptera were found in the feces of big brown bats flying in apple
orchards, and each belonged to a different family—the Cerambycidae, Chyrsomelidae, and
Scarabaeidae (Table 2.2). The cerambycid was the elm borer (Saperda tridentata). The
larvae of this beetle penetrate the inner bark or wood of elms (Ulmus) and transmit the
fungus Ophiostoma ulmi, which is a causal agent of Dutch elm disease (Tucker, 1907).
The scarab beetle was the June bug (Phyllophaga implicita). The adults of this insect
are herbivorous and have the potential to defoliate a large number of trees, such as ash
(Fraxinus), elm (Lago, 1979), and willow (Salix). The adult females eventually leave the
host trees on which they feed to burrow into the soil to oviposit. The larvae (grubworms) are
usually found in the top 15 cm of the soil, where they are frequently detrimental, feeding on
the roots of lawn grasses and crops, such as corn and soy (Glogoza et al., 1998; Whitaker,
1995).
From the family Chrysomelidae, I identified the presence of adult spotted cucumber
beetles (Diabrotica undecimpunctata), a species that also was identified based on its
distinctive elytra (hardened forewings), during standard visual analysis (Chapter 1). The
adults of this species can defoliate plants and transmit plant diseases such as bacterial wilt
(Moran, 2001), making this insect detrimental to many crops, including corn, cucumber, soy,
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and squash (Hoffman et al., 1996). However, it is the larvae, known as corn rootworms, that
make cucumber beetles so injurious. The larvae travel through the roots of young plants,
stunting or killing them (Szalanski and Owens, 2003), and due to this behavior, the larvae
may be the single most important agricultural pest in the United States (Krysan and Miller,
1986). Cucumber beetles (Diabrotica), including the spotted cucumber beetle, cost farmers
in the United States ca. $1 billion annually (Whitaker, 1995).
Using molecular techniques, I demonstrated that big brown bats do consume pests of
various crops and vectors of disease. Further studies, however, will be needed to determine
whether big brown bats actually help control the populations of these insect pests. Although
I found no evidence that big brown bats preyed on the three species of insect that are the
greatest concern to apple growers in Michigan, my sample of identified fragments was small
compared with the number of insects eaten each night by just one of these bats (Gould,
1955). Future studies investigating dietary composition using DNA techniques should focus
on an increased sample size to provide a more detailed inventory of the diet of the big brown
bat and to obtain an estimate of how frequently each species of insect actually is consumed.
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Table 2.1.––List of identification of all matches of insects with reference sequences from the Barcode of Life Database (BOLD).
DNA sequences were obtained from fragments of insects in fecal pellets produced by bats captured in orchards, during 2009–
2010. Each bat yielded one pellet.
Order
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera

Family
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae

Genus
Bradycellus
Bradycellus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Harpalus
Notiobia
Ophonus
Pterostichus
Stenolophus
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Species
verbasi
compar
compar
pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus
terminata
melanarius
lineola

Percent similarity
99.12
100
100
98.06
100
100
100
100
100
100
100
99.55
99.55
99.37
99.30
99.29
98.78
98.64
98.45
100
100
98.52
100
98.53

Order
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera

Family
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae
Cerambycidae
Cerambycidae
Cerambycidae
Cerambycidae
Chrysomelidae
Elateridae
Elateridae
Elateridae
Elateridae
Elateridae
Nitidulidae

Genus
Stenolophus

Species
ochropezus

Saperda
Saperda
Saperda
Saperda
Diabrotica
Hemicrepidius
Melanotus
Melanotus
Melanotus
Melanotus
Epuraea

tridentata
tridentata
tridentata
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undecimpunctata
memnonius
similis
similis
similis
corticina

Percent similarity
100
100
100
99.39
99.38
99.36
99.29
99.29
98.74
98.73
98.58
98.54
98.52
100
99.82
98.96
98.06
99.48
99.83
99.64
99.33
98.5
99.83
98.75

Order
Coleoptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Ephemeroptera
Hymenoptera
Hymenoptera

Family
Scarabaeidae
Culicidae
Culicidae
Culicidae
Culicidae
Culicidae
Tipulidae
Isonychiidae
Formicidae
Formicidae

Genus
Phyllophaga
Aedes
Aedes
Aedes
Aedes
Aedes
Nephrotoma
Isonychia
Tetramorium
Tetramorium
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Species
implicita
excrucians
trivittatus
trivittatus
vexans
vexans
erebus
arida
caespitum
caespitum

Percent similarity
100
99.52
99.66
99.20
98.83
98.72
98.64
98.55
100
100

Table 2.2.––List of bats and their respective identifications of prey that matched reference sequences from the Barcode of Life
Database (BOLD). DNA sequences were obtained from fragments of insects within fecal pellets produced by bats captured in
orchards, during 2009–2010. Each bat yielded one pellet.
Bat
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Taxon 1
Harpalus pennsylvanicus
Stenolophus lineola
Carabidae
Aedes vexans
Harpalus compar
Epuraea corticina
Aedes excrucians
Harpalus pennsylvanicus
Harpalus pennsylvanicus
Harpalus pennsylvanicus
Saperda tridentata
Aedes vexans
Saperda tridentata
Ophonus sp.
Carabidae
Aedes trivittatus
Bradycellus verbasci
Diabrotica undecimpunctata
Harpalus compar
Harpalus pennsylvanicus
Harpalus pennsylvanicus
Harpalus pennsylvanicus
Harpalus pennsylvanicus
Harpalus pennsylvanicus
Harpalus pennsylvanicus

Taxon 2
Harpalus pennsylvanicus
Bradycellus sp.
Carabidae
Melanotus similis
Melanotus similis
Nephrotoma erebus
Aedes trivittatus
Harpalus pennsylvanicus
Harpalus pennsylvanicus
Harpalus pennsylvanicus
Saperda tridentata
Melanotus sp.
Saperda sp.
Carabidae
Carabidae
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Taxon 3
Stenolophus ochropezus
Carabidae
Carabidae

Bat
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Taxon 1
Harpalus pennsylvanicus
Hemicrepidius memnonius
Isonychia arida
Melanotus similus
Notiobia terminata
Phyllophaga implicita
Pterostichus melanarius
Tetramorium caespitum
Tetramorium caespitum
Harpalus sp.
Carabidae
Carabidae
Carabidae
Carabidae
Carabidae

Taxon 2
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Taxon 3
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Appendix A.––Aerial photographs of individual orchards, along with locations of ultrasonic
recorders and mist nets during 2009–2010.
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Figure A1.––Aerial photograph of AlMar East Orchard, along with locations of ultrasonic
recorders and mist nets during 2009–2010.
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Figure A2.––Aerial photograph of AlMar Southeast Orchard, along with locations of
ultrasonic recorders and mist nets during 2009–2010.
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Figure A3.––Aerial photograph of Apple Schram Orchard, along with locations of ultrasonic
recorders and mist nets during 2009–2010.
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Figure A4.––Aerial photograph of Country Mill Orchard, along with locations of ultrasonic
recorders and mist nets during 2009–2010.
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Figure A5.––Aerial photograph of Erwin Orchard, along with locations of ultrasonic
recorders and mist nets during 2009–2010.
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Figure A6.––Aerial photograph of Spicer Orchard, along with locations of ultrasonic
recorders and mist nets during 2009–2010.
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Figure A7.––Aerial photograph of Swinderman North Orchard, along with locations of
ultrasonic recorders and mist nets during 2009–2010.
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Figure A8.––Aerial photograph of Swinderman South Orchard, along with locations of
ultrasonic recorders and mist nets during 2009–2010.
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